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Väitöskirjassa on tutkittu piialustalle valmistettavia planaarisia fotonikidevalokanavia kokeellisesti ja teoreettisesti.
Työssä esitetään uusi karakterisointimenetelmä lyhyille fotonikidevalokanaville. Menetelmä perustuu ns. Fabry-Pérot
-efektin voimistamiseen tutkittavan valokanavan päihin kuvioitujen peilien avulla. Työssä esitetään myös
uudentyyppinen fotonikide, joka muodostetaan renkaanmuotoisista rei’istä. Sopivalla renkaan mitoituksella
tämäntyyppiseen fotonikiteseen valmistetussa fotonikidevalokanavassa etenevällä valolla on aallonpituudesta
riippumaton ja huomattavan hidas ryhmänopeus (noin c/40) useiden nanometrien aallonpituusvälillä. Pienellä
muutoksella renkaan mitoituksessa on suunniteltu rakenne, jonka avulla tämä valokanava voidaan kytkeä tehokkaasti
tavanomaisempiin piivalokanaviin. Työssä on havaittu, että muotokentän leveyden aallonpituusriippuvuus vaikuttaa
valokanavan dispersio-ominaisuuksiin ja että vaihesovitus vaikuttaa kytkentätehokkuuteen. Nämä tulokset ja havainnot
ovat merkittäviä, kun suunnitellaan hidasta valoa soveltavia komponentteja täysoptiseen signaalinkäsittelyyn ja
tiedonsiirtojärjestelmiin. Renkaanmuotoisiin reikiin perustuvien fotonikidevalokanavien käyttöä myös muissa
sovellutuksissa, erityisesti bioanturina, on tutkittu. Työssä esitellään menetelmä, joka minimoi renkaiden
elektronisuihkuvalotukseen kuluvan ajan ja työssä esitetään ensimmäisen kokeelliset tulokset tämäntyyppiseen
fotonikiteeseen valmistetusta valokanavasta. Valokanavassa etenevän valon ryhmänopeuden havaittiin hidastuvan
22:nteen osaan valon nopeudesta tyhjössä.
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1 Introduction
Optical technology is used in many applications. For example, optical communica-
tion networks have enabled the development of the Internet, where the bandwidth
demand is increasing constantly. This evolution is driven by the increasing num-
ber of users, higher subscriber connection bandwidths and the introduction of new
bandwidth-greedy services by the service providers. The capacity of the commu-
nication systems is not limited by the optical bandwidth but by the speed of the
electronic signal processing. All-optical devices, i.e., devices where no conversion
between optical and electrical signals is required, open the way to faster signal pro-
cessing.
Silicon has become the dominating material of microelectronics for various rea-
sons: in addition to its suitable electronic properties, its natural oxide is stable and
can easily be used as an electrical insulator. It can also be extracted from sand,
literally [1], which makes it cost-effective and the material source practically inex-
haustible. Silicon is also a desired material for integration of optics [2–4]. Silicon
is transparent above the wavelength of 1200 nm, which is convenient in commu-
nications systems, where single mode fibers used in long haul signal transmission
operate at wavelengths around 1300 nm and 1550 nm. Silicon photonics benefits
from the mature processing technology of microelectronics. The silicon-on-insulator
(SOI) substrate, while being developed for the microelectronics, is a good substrate
for optical integration. The SOI structure, shown schematically in Fig. 1.1a, con-
stitutes a slab waveguide, where propagating light can be confined into the device
layer, which has a higher refractive index than the underlying buried oxide layer.
A laterally confining structure, such as the strip waveguide (SW) in Fig. 1.1b, can
be fabricated by patterning the device layer. The high refractive index contrast
between the surrounding materials and silicon in the strip waveguide makes it pos-
sible to confine light into sub-micron cross-sectional dimensions. Strip waveguides
also enable micrometer-sized bends and thereby ultra-compact ring-resonators [3, 5].
Using the free-carrier effects in silicon [6, 7], modulators have been realized using
high-index-contrast silicon waveguides [5, 8–10].
Non-linear effects are invoked in the tightly confined optical field at sub-milliwatt
power levels [11, 12] and all-optical silicon devices such as a Raman laser [13],
wavelength converter [14], signal regenerator [15] and logic gates [16] have been
demonstrated. Some of the devices are capable of modulation frequencies up to
1
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Figure 1.1. Schematic cross-sectional images of a) the silicon-on-insulator (SOI)
substrate, b) strip waveguide (SW) manufactured into the SOI sub-
strate by etching. The strip waveguide may be capped with e.g.
silicon dioxide.
a)
1 µm
b)
1 µm
Figure 1.2. Scanning electron micrograph of a) 2D photonic crystal lattice man-
ufactured into the SOI substrate, b) waveguide defined by 3 missing
rows in the PhC lattice (Paper I).
40 GHz [9, 14] and have dimensions in the order of 10 µm [5, 9, 16], showing the
potential of silicon-based photonic circuits. However, the length of an all-optical
device may be several centimeters [14], and miniaturization of the devices would
enable larger scale integration and reduction of their operating power. Periodic
structures called photonic crystals (PhCs) are foreseen to provide means for denser
optical integration.
Figure 1.2a shows a planar PhC, which is manufactured by etching a 2D periodic
lattice of holes into the SOI structure. The periodic structure diffracts light, and
an interference pattern is generated into the structure. For a certain range of fre-
quencies, called the photonic bandgap, the interference is destructive regardless of
the propagation direction in the plane.
The planar PhC can be manufactured by patterning a slab waveguide with a litho-
graphic technique. Most of the research work is carried out employing electron
beam lithography (EBL), which is well suitable for manufacturing prototypes. Large
scale production capable patterning of PhCs has been demonstrated using deep-UV
3lithography [17, 18] and nanoimprint lithography [19]. After defining the pattern,
it is transferred into the slab waveguide usually by using plasma etching.
The planar PhC itself can be utilized e.g. as a mirror [20], collimator [21, 22] or
superprism [23]. Defects such as the missing rows of holes in Fig. 1.2b give rise
to local states, which can act e.g. as waveguides or high-Q cavities [24, 25]. The
PhC waveguide (PhCW) can be coupled with conventional strip waveguides, and
SOI-based devices such as wavelength multiplexers/demultiplexers based on this
technique have been demonstrated [26, 27]. The PhCW exhibits low group velocity
at certain frequencies due to its periodic boundaries [25, 28–32], which makes it
possible to realize ultra-compact active photonics devices [33]. In the nonlinear
applications, the reduced group velocity increases the intensity of the optical field
and therefore enhances nonlinearities [32, 34–37]. Slow-light waveguides may thus
reduce the footprint of the nonlinear photonic devices by more than the slowdown
factor [34], and also lower the optical power required in the nonlinear processes.
In order to be useful in telecommunications or signal processing applications, the
slow-light devices must transmit signals efficiently and with little deterioration. The
slow modes have typically a high group velocity dispersion (GVD), which leads to
pulse deformation. Therefore it is important to design slow-light structures with
tailored dispersion properties. Coupling into the slow modes is not trivial either,
due to modefield and impedance mismatch. PhCWs have overcome both these
challenges, as slow-light PhCWs with low GVD [38–40] and efficient and compact
couplers with conventional strip waveguides [32, 41–44] have been presented.
The main focus in this thesis is in the design and characterization of line defect
waveguides in SOI based planar photonic crystals. In Chapters 2 and 3, basic
theory of integrated optics and photonic crystals is presented. Chapter 4 describes
the equipment and basic techniques used in the fabrication and characterization of
the samples in the thesis and presents a new characterization method of short PhC
waveguides. This variant of the Fabry-Pe´rot (F-P) method utilizes the normally
troublesome reflections generated at the chip ends.
Chapter 5 presents a new geometry of photonic crystal, consisting of ring-shaped
(i.e., annular) holes (RPhC). The peculiar properties of the RPhC are utilized to
minimize the GVD of the slow mode in the RPhC waveguide and to realize an
efficient coupler into such mode. The dispersion tailored structure also reveals new
information on the slow-light coupling in PhCWs. Other potential applications of
the RPhC waveguides, such as biosensing, are also discussed in Chapter 5. Finally,
the first experimental results on RPhC waveguides are shown.
2 Fundamental concepts
This Chapter presents some theoretical concepts that are essential in designing and
understanding the photonic devices in this thesis. The master equations, on which
all the theory is built, will be presented first. The equations are applied to describe
the propagation of light in homogeneous media and in the SOI structure. The
computational methods used in this work are described.
2.1 Master equation
The electric field E, magnetic field H and charge density ρ are functions of the
space coordinate vector r and time t and connected to each other by the Maxwell’s
equations
∇× E = − ∂
∂t
(µH) (2.1)
∇×H = ∂
∂t
(ǫE) + σE (2.2)
∇ · (ǫE) = ρ (2.3)
∇ · (µH) = 0. (2.4)
In an isotropic medium, the permittivity ǫ(r), permeability µ(r) and the microscopic
electric conductivity σ(r) of the medium are scalar. The permittivity is usually
written as ǫ = ǫ0ǫr, where ǫ0 is the permittivity of vacuum and ǫr(r) is the relative
permittivity of the material. The materials in this work can be considered as non-
magnetic insulators, i.e. µ = µ0 and σ(r) = 0. Therefore, the material is defined by
its permittivity distribution ǫr(r), and Eqs. 2.1 and 2.2 are
∇× E(r, t) = − ∂
∂t
[µ0H(r, t)] (2.5)
∇×H(r, t) = ∂
∂t
[ǫ0ǫr(r)E(r, t)]. (2.6)
4
5Solving Eq. 2.6 for E and inserting it into the time derivative of Eq. 2.5 yields
∇×
(
1
ǫ0ǫr(r)
∇×H(r, t)
)
= − ∂
2
∂t2
µ0H(r, t). (2.7)
Assuming harmonic time dependence for the magnetic field with (angular) frequency
ω, H(r, t) = H(r)e−iωt, Eq. 2.7 can thus be written in frequency domain as
∇×
(
1
ǫr(r)
∇×H(r)
)
=
(ω
c
)2
H(r), (2.8)
where c = 1/
√
ǫ0µ0 is the speed of light in vacuum. Eq. 2.8 is known as the master
equation for the magnetic field.
2.2 Propagation of light
In a homogeneous material, Eq. 2.8 can be written as 1
∇2H(r) = −n2
(ω
c
)2
H(r), (2.9)
where n =
√
ǫr is the refractive index of the material. The same equation can be
derived for the electric field. The general solution to Eq. 2.9 is a superposition of
plane waves of the form
H(r, t) = H0e
ik·re−iωt, (2.10)
where k = |k| = nω
c
= n2pi
λ
, where λ is the vacuum wavelength; ω = 2πf = 2π c
λ
.
Eq. 2.10 describes a plane wave traveling into a direction defined by k at the phase
velocity vp
vp =
ω
k
=
c
n
. (2.11)
The phase velocity vp gives the velocity of propagation of a monochromatic wave-
front. However, in signal transmission the light is modulated by e.g. varying the
intensity or phase of the electromagnetic field. The modulated light is no more
monochromatic, and the modulation pattern propagates at the group velocity vg
vg =
∂ω
∂k
=
c
ng
. (2.12)
where ng is the group index. In the theoretical case of a constant n, vp = vg =
c
n
.
However, n generally depends on ω, therefore the dispersion relation ω(k) is not
1∇×∇×H = ∇(∇ ·H)−∇2H = −∇2H.
6Silion, nSi = 3.48
Silion dioxide, nSiO2 = 1.46
Air, nair = 1
+ z
y
x
Figure 2.1. Schematic of an SOI waveguide and the coordinates used through-
out this thesis. The slab is oriented in the xz plane, and the light
propagates into the z direction. The refractive index values are
given for the wavelength 1550 nm.
perfectly linear and vg 6= vp.
2.3 Optical confinement in silicon-on-insulator
Let us consider an SOI structure where the layers are in the xz plane and infinite
(Fig. 2.1). An electromagnetic plane wave propagating into the z direction with a
propagation constant β is described with a function
H(y, z, t) = H(y)eiβze−iωt. (2.13)
Eq. 2.9 can be applied in each layer of the structure to obtain
∂2
∂y2
H(y) =
[
β2 − n2i
(ω
c
)2]
H(y) = k2y,iH(y), (2.14)
where k2y,i = β
2 − n2i
(
ω
c
)2
and ni is the refractive index of one of the three layers.
Eq. 2.14 has a general solution
H(y) = H0+e
ky,i·(y+y0,i+ ) +H0−e
−ky,i·(y+y0,i− ), (2.15)
which is a combination of exponential functions when ky,i is real, i.e. when β > ni
ω
c
.
When ni
ω
c
> β, Eq. 2.15 is a sinusoidal function. Non-zero and limited solution to
Eq. 2.8 is obtained when the field is sinusoidal in silicon and exponentially decaying
in the air and in the oxide, i.e., when nSiO2
ω
c
< β < nSi
ω
c
. The optical wave satisfying
this condition is guided in the silicon slab.
The partial solutions must be connected in such a way that Eq. 2.8 is valid in the
interfaces in the structure. This yields interface conditions, which depend on the
direction of the electric and magnetic field vectors, i.e. on the polarization of the
field. The field must therefore be split into two components: for one, E vector is in
the xz plane, and for the other, H vector is in the xz plane. These components are
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Figure 2.2. a) Dispersion relation of the guided modes in silicon-on-insulator
(solid lines: TE modes, dashed lines: TM modes). The inset il-
lustrates electric field energy density distribution in TE0 and TE1
modes, b) Effective index neff and group index ng of the funda-
mental TE mode as a function of h/λ, where h is the silicon layer
thickness and λ is the wavelength.
called TE and TM polarizations, respectively.
Figure 2.2a shows the dispersion relation ω(β) of the modes in the SOI structure
with silicon thickness h. The frequency and propagation constant are given in
units [ω] = 2πc/h and [β] = 2π/h. With ω and β in these units, the effective
(refractive) index neff = β/ω and ng = (∂ω/∂β)
−1. Converting the frequency into a
dimensionless quantity yields the normalized frequency u = ω · h
2pic
= h
λ
.
The effective and group index of the TE0 mode in the silicon slab are plotted into
Fig. 2.2b as a function of h/λ. The effective index increases with increasing frequency
because a larger part of the mode is confined into silicon at higher frequencies.
Due to this waveguide dispersion, ng 6= neff even with the unnatural assumption of
frequency independent n.
2.3.1 Effective index approximation
When designing planar photonic structures, the effective index approximation is
often used, i.e., the vertical structure is replaced with the effective index of a guided
mode in it. In this way, the 3D problem is reduced into two dimensions and the
computational effort needed in the design is significantly reduced.
With the effective index approximation, the effects of the vertical dimension need to
be considered separately. Coupling to radiative modes occurs when β < nSiO2
ω
c
, i.e.
8when the mode is above the light line of the cladding in the dispersion relation plot.
The vertical structure exhibits waveguide dispersion, which may shift the frequencies
of the modes. The waveguides patterned into a non-symmetrical slab such as the
SOI structure no longer possess pure TE and TM polarized modes but quasi TE
and TM modes, which may be coupled. All these effects are potentially significant
and they will be discussed later in this thesis.
2.4 Computational methods
2.4.1 Finite difference time domain method
Solving the equations 2.1 and 2.2 for the time derivatives yields a set of differential
equations. To obtain numerical solutions for these equations, the structure and the
electromagnetic field can be discretized into a mesh of nodes. After introducing a
known initial field and sources into the computational domain, time development of
the field in the structure can be calculated in discrete time steps [45]. This finite
difference time domain (FDTD) method is therefore best suitable for modeling time-
dependent problems, e.g. simulating pulse propagation through a photonic device.
The spectral response of the device can be deduced from the time evolution of the
field using the Fourier transform.
The FDTD method solves the Maxwell’s equations without any assumptions, there-
fore it is flexible in terms of the geometry of the device under study. However,
a dense discretization grid is needed in order to achieve good accuracy2, therefore
FDTD simulations are memory and time consuming.
The FDTD simulations in this work have been carried out using a freely available
software [46]. The software solves the electromagnetic field in 2D only, therefore the
effective index approximation must be applied. On the other hand, using the 2D
grid saves a lot of memory, which makes it possible to carry out FDTD simulations
with a normal desktop or laptop computer.
2The spatial grid must naturally be dense enough so that the change of the field between the
grid points is nearly linear. Moreover, to obtain numerical stability, the time step ∆t must fulfill
the criterion ∆t < 1
c
√
1
∆x2
+
1
∆y2
+
1
∆z2
, where c is the speed of light in the material where it is highest
in the computational domain and ∆x, ∆y and ∆z are the spatial discretization step sizes.
92.4.2 Plane wave expansion method
According to Bloch theorem, H (and similarly E) in a periodic structure can be
expressed as a superposition of waves
∑
k
Hk, where
Hk = e
ik·ruk(r), (2.16)
i.e., plane waves modulated by a periodic function, where uk(r) has the same peri-
odicity as the structure. By substituting the periodic functions ǫr(r) and uk(r) by
their Fourier series, the differential equation 2.8 can be converted into an algebraic
eigenvalue problem, which can be solved numerically. As a result one obtains a set
of eigenvalues ω/c for each k: the optical modes are solved in the wave vector space,
i.e., the reciprocal space.
The dispersion relations in this work have been calculated using the MIT Photonic
Bands software [47]. The structures in these planewave expansion (PWE) simula-
tions are necessarily perfectly periodic. However, some structures with no perfect
periodicity, such as cavities and straight waveguides, can be simulated by imple-
menting a supercell [48].
3 Planar photonic crystals
Photonic bandgaps in periodic media are discussed. First, the formation of bandgaps
in 1D periodic media is shown. Subsequently, the two-dimensionally periodic lattice
used in this work is presented. Finally, the guided modes in line defects in photonic
crystals are discussed.
3.1 1D periodic media
Figure 3.1 shows a 1D periodic stack of high and low refractive index layers. The
period of the structure is a. Consider an optical wave propagating perpendicularly
to the interfaces, defined as the z direction in Fig. 3.1.
Figure 3.2 shows the dispersion relation3 of the structure shown in Fig. 3.1 with
n0 = 2.5, and with ∆n values of 0.2, 1 and 2. Near kz = 0, the dispersion relation
is nearly linear, corresponding to ng = 2.5. With increasing kz, the slope of the
dispersion curves get smaller and vanishes at kz = π/a. This has two significant
consequences: first, for certain ranges of frequencies there is no propagating mode;
photonic bandgaps are formed. Second, as the group velocity is defined as the slope
of the dispersion curve, vg vanishes at the bandgap. As can be seen in Fig. 3.2, the
bandgap is wider at larger ∆n.
The dispersion relation is periodic with a period 2π/a and mirror symmetric with
respect to the point π/a. Therefore it is adequate to study the modes within the
wave number interval kz ∈ [0, π/a], which is called the first Brillouin zone of the
reciprocal lattice of the periodic structure.
The 1D photonic crystal is a good example structure to theoretically show the origin
of the bandgap. It also has many applications e.g. as a laser mirror in vertical cavity
surface emitting lasers [49] and as a fiber Bragg grating, which can also act as a laser
mirror, or e.g. as a dispersion compensator or a wavelength filter [50]. However,
more functionality can be achieved with 2D photonic crystals, which can be used e.g.
3In the rest of this thesis, the lattice period a is the length unit used in the normalization of ω
and β.
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Figure 3.1. Schematic of a 1D periodic structure.
0.0 0.5 1.0 1.5 2.0 2.5
0.0
0.2
0.4
0.6
0.8
 ∆n=0.2
 ∆n=1
 ∆n=2
 
 
N
o
rm
a
liz
e
d
 f
re
q
u
e
n
c
y
 (
u
 =
 a
 /
 λ
)
Wavenumber k
z
 [2pi/a]
Figure 3.2. Dispersion relation of the structure in Fig. 3.1 with n0 = 2.5.
for guiding light along the plane. The 1D periodic bandgap can be generalized into
higher dimensions if the frequency range is forbidden regardless of the propagation
direction. This is possible if the refractive index contrast is large and the lattice has
a high order of rotational symmetry.
3.2 2D periodic media
The triangular lattice shown in Fig. 3.3a has the highest possible order of rotational
symmetry (6-fold symmetry) for a 2D lattice. It is usually realized by etching round
holes (radius R) into a dielectric. The separation of the holes is the lattice constant
a, as shown in Fig. 3.3a. The air-fill factor fair of the lattice, i.e. the fraction of air
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Figure 3.3. a) Schematic of a triangular lattice introducing parameters a and R
and lattice vectors a1 and a2, b) its reciprocal lattice with reciprocal
lattice vectors b1 and b2. The hexagon is the first Brillouin zone
and Γ, K and M are its high symmetry points. The gray triangle is
the reduced Brillouin zone.
in the structure, is
fair =
2π√
3a2
R2. (3.1)
The reciprocal lattice of the triangular lattice is also triangular (Fig. 3.3b) and its
first Brillouin zone is a hexagon. The symmetry allows to limit the k space under
study to the reduced Brillouin zone, which is shown in gray in Fig. 3.3b. The
dispersion relation ω(k) is a 2D surface, which is difficult to study quantitatively.
Therefore, ω is plotted only as a function of wave vectors at the edges of the reduced
Brillouin zone, i.e., along the path between the Γ, K and M points.
Most of the calculations in this work are made as 2D calculations using the effective
index approximation. In the purely two-dimensional picture, the electromagnetic
field can be divided into two orthogonal polarizations. Using the same convention
as in Section 2.3, the TE (TM) polarization has its electric (magnetic) field in the
xz plane.
The focus in the thesis is on SOI based PhCs, therefore the dielectric in consideration
is a silicon slab on silicon dioxide. The asymmetric slab makes the polarizations in
SOI based 2D PhCs theoretically non-separable, but it has little effect on the actual
modes [51]. The SOI based PhC can also be made vertically symmetric either by
etching the underlying oxide away, or by growth or bonding of SiO2 onto the chip.
Figure 3.4 shows the dispersion relation of three lowest-frequency TE polarized
modes in a triangular lattice of air holes (nair = 1) with radius R = 0.3a in a
dielectric with neff = 2.81, which corresponds to the effective index of the SOI
13
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Figure 3.4. Band structure for the TE polarized light in the triangular lattice
of air holes with R = 0.3a in a material with neff = 2.81.
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Figure 3.5. Schematic of line defect waveguides in the triangular 2D photonic
crystal lattice. a) W1 waveguide, b) W3 waveguide.
structure with a 240 nm thick silicon layer. A bandgap is seen between about
a/λ = 0.255 and a/λ = 0.32.
3.3 Photonic crystal waveguides
Figure 3.5 shows schematics of two line defect waveguides in the 2D PhC lattice of
Fig. 3.3a. The Wn waveguide is formed by omitting n rows of holes in the lattice;
Figs. 3.5a and b show a W1 waveguide and a W3 waveguide, respectively.
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Figure 3.6. Band structure of the TE modes in a W1 waveguide in the triangu-
lar lattice of air holes with R = 0.3a and neff = 2.81. Distribution
of the magnetic field perpendicular to the lattice plane, Hy, of the
two bandgap guided modes at β = pi/a is shown on the right.
3.3.1 Modes in the W1 waveguide
Figure 3.6 shows the band structure of the TE polarized modes in a W1 waveguide
in the lattice with R = 0.3a in a material with neff = 2.81. The waveguide supports
two modes within the bandgap: one with an even parity and one with an odd parity.
The light line of SiO2 is drawn into Fig. 3.6. Below the light line, the waveguide mode
in an SOI based PhC waveguide is theoretically lossless. Oxide-clad waveguides with
losses in the order of 1.5 dB/mm for such modes have been realized [18, 25]. Above
the light line, the mode is coupled to the oxide cladding due to the periodicity, and
losses in the order of 100 dB/mm have been observed for the modes in this regime
(see e.g. [52, 53]).
The mode labeled as ”Even mode” in the dispersion diagram of Fig. 3.6 is the
fundamental mode of the waveguide. It is the mode of practical interest because
it is best coupled to the usually single-moded photonic circuits. Two regions with
different characteristics are seen in its dispersion curve:
- At small β, the slope of the dispersion curve is nearly constant and it corresponds
to vg ≈ c/neff . This is a characteristic of an index-guided mode. The optical confine-
ment arises from the difference in the average refractive indices in the waveguide:
the line defect acts as the waveguide core, and the photonic crystal lattice with a
lower average refractive index acts as cladding.
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Figure 3.7. Group index ng and group velocity dispersion parameter D for the
fundamental mode in the waveguide of Fig. 3.6 when a = 408 nm.
- When approaching the Brillouin zone edge, the slope of the dispersion curve de-
creases. This part of the mode is confined into the waveguide due to diffraction,
and this bandgap guided mode has similar properties to the modes in the metallic
waveguides. The mode usually has its minimum frequency, the cut-off frequency,
at the Brillouin zone edge.
Group velocity dispersion
Figure 3.7 shows the group index and the group velocity dispersion parameter [54]
D =
d
dλ
(
1
vg
)
=
1
c
dng
dλ
(3.2)
as a function of wavelength, with a = 408 nm, which yields a cut-off wavelength
1575 nm. The group index diverges to infinity when approaching cut-off, which
suggests that photonic crystal waveguides exhibit zero group velocity at the Bril-
louin zone edge. However, D simultaneously increases, which is harmful in signal
transmission systems: the different frequency components of the modulated light
propagate at different velocities, which will deteriorate the signal. To increase the
bandwidth of the slow-light regime it is also desirable to extend the propagation
constant range of the slow mode. Therefore, a number of approaches have been
made to realize slow-light structures with tailored dispersion properties. Some ways
to achieve desired dispersion properties are finding the optimal waveguide width [40]
or modification of the PhC lattice next to the waveguide defect [38, 39, 55].
4 Experimental methods
This Chapter provides an overview on the manufacturing of the samples and de-
scribes the characterization methods and equipment used in the experimental work
of this thesis. Waveguide loss measurement using the cutback and Fabry-Pe´rot (F-
P) methods is discussed. Paper I presents a new variant of the F-P characterization
method for PhCWs with short length (< 50 µm) inserted between strip waveg-
uides. Finally, this method is applied to W3 waveguides manufactured on the SOI
substrate.
4.1 Sample processing
A schematic sample layout is shown in Fig. 4.1. In order to have chips of a rea-
sonable size for optical characterization and easy handling, the photonic crystal
waveguides were patterned into 20x20 mm2 chips with access strip waveguides. An
access waveguide had a 90-degree bend to prevent detection of light that was not
coupled into the waveguide.
The PhCWs were manufactured on 4-inch SOI wafers produced by Soitec. The
buried oxide thickness is 3 µm. A relatively thick buried oxide was used to prevent
optical field leakage into the substrate with a high refractive index. A 30 nm thick
thermal oxide layer was grown onto the wafers for a hard mask for etching. The
device layer thickness after the oxidation was 240 nm.
The SWs, which typically had a width of 5 µm, were patterned using photolithog-
raphy and reactive ion etching. The oxide mask was etched in a mixture of CF4
and He. The silicon was subsequently etched in Cl2+He. After the SW process, the
wafer was diced into chips.
A 320 nm thick layer of polymethyl methacrylate (PMMA) was spun onto the SOI
chips. The PhCWs and SW tapers were written into the PMMA with a LEO
1560 scanning electron microscope, which had been converted into an EBL system.
The writing field was 400x400 µm2. After lithography and developing the resist
in a mixture of de-ionized water and isopropanol, the PhC pattern was transferred
first into the SiO2 mask and subsequently into the silicon layer by similar etching
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Figure 4.1. Schematic of a typical sample layout. The whole chip with the
insertion waveguides is shown in its actual size (1x). The e-beam
patterned area with the tapers and the PhCWs is the area between
the dashed lines in the 100x magnified image. The PhCW is shown
in 2000x magnification.
processes as for the SWs.
Finally, the chip facets with waveguide ends were mechanically polished using dia-
mond lapping films. The smallest grit size used in the lapping was 100 nm.
4.2 Transmission measurements
4.2.1 Measurement setup
For transmission measurements, the device under test was end-coupled with fibers to
the source and detector. The fibers were aligned to the sample with manual precision
positioners. The devices are polarization sensitive and usually designed for the TE
polarization. Therefore, a polarizer and a polarization maintaining (PM) single
mode fiber were used in the input. The polarization axes of the PM fiber were aligned
prior to the measurement using a polarizer plate. The measured TE/TM mode
extinction ratio was more than 20 dB with the optimal alignment. A multimode
fiber was used in the output to maximize the collection efficiency and to provide
easier alignment than the single-mode fiber.
In most experiments, a tunable laser (Photonetics ”Tunics”) was used as the light
source and an fiber-coupled photodetector (HP 81531A) was used to measure the col-
lected optical power. In a typical spectral measurement, the wavelength is scanned
from 1525 to 1625 nm with a wavelength step of 5 pm, which is small enough to
resolve the F-P oscillations arising from the reflections at the chip ends.
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4.2.2 Loss determination
The output power P is a function of waveguide length L:
P (L) = Pin · η · e−αL, (4.1)
where η takes into account all the losses in the measurement setup and the waveguide
loss coefficient α is in units 1/unit length. A common problem in the waveguide
loss measurement is the separation of the waveguide loss from the losses that arise
in the measurement setup, particularly in the coupling between the fibers and the
chip.
Cutback method
A simple way of canceling out the setup-related losses is the cutback measurement,
where a set of identical waveguides of different length is measured. In principle,
α can be simply obtained from the linear regression of ln(P ) as a function of the
waveguide length.
While the cutback measurement is a straightforward method of loss determination,
it exhibits some considerable error sources. The method relies on the repeatability
of individual transmission measurements, therefore any deviation in the quality of
the waveguides or in coupling causes inaccuracy in the loss figure. This problem
may be tackled with an extremely long waveguide, which diminishes the effect of
the inaccuracies [56]. One may also try to statistically assess the error by using a
large number of samples [57]. The reflections at the chip ends cause Fabry-Pe´rot
oscillations into the transmission spectra, which further reduce the repeatability of
the transmission measurement. On the other hand, the oscillations make it possible
to characterize the waveguide with the Fabry-Pe´rot method.
Fabry-Pérot method
The transmission spectra with the F-P oscillations has a shape [58]
TFP =
t21t
2
2
1 + r21r
2
2e
−4αL + 2r1r2e−2αL cos(4πLopt/λ+ φ)
, (4.2)
where L and Lopt are the physical and the optical lengths of the waveguide, t1,2
and r1,2 are the transmissitivities and reflectivities at the ends of the waveguide,
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respectively, and φ is a slowly varying function of λ, which takes into account the
phase shifts in the mirrors. TFP oscillates between the values
TR =
t21t
2
2
(1− r1r2e−2αL)2 (4.3)
and
TA =
t21t
2
2
(1 + r1r2e−2αL)2
. (4.4)
The waveguide loss can therefore be deduced from the amplitude of the oscillations
using the identity
r1r2e
−2αL =
√
TR/TA − 1√
TR/TA + 1
. (4.5)
If the reflectivities are known, loss can be calculated directly using Eq. 4.5. It is also
possible to use a set waveguides with different length and linear regression of the
logarithm of Eq. 4.5. The F-P oscillations also reveal the group index of the mode.
It is
ng = Lopt/L =
λ1λ2
2L(λ1 − λ2) , (4.6)
where λ1 and λ2 are the wavelengths of adjacent oscillation peaks.
4.3 Enhanced Fabry-Pérot method
In the case of PhC waveguides with access strip waveguides, the cutback method is
not always practical because deviations in the coupling efficiency and loss in the ac-
cess waveguides may be larger than the loss over the short PhC waveguide. Parasitic
reflections also occur at the various interfaces along the light path, which may fur-
ther affect the precision of transmission measurements. The problem becomes even
more complex in the case of a multimode PhCW, which can transmit the high-order
modes that are possibly generated in its input. In this Section, a new type of an F-P
method to characterize short PhCWs is presented. In this method, the reflection
in the SW-PhCW interface is increased to create a three-cavity system. Using the
Fabry-Pe´rot oscillations of these three cavities, the loss in the PhCW is estimated.
The method differs from the conventional Fabry-Pe´rot method in the sense that no
anti-reflection coatings are required on the sample facets. The method is applied to
multimode W3 PhCWs fabricated on the SOI substrate.
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Figure 4.2. Scanning electron micrograph of the interface between the strip
waveguide and the W3 waveguide. The Bragg mirror is made of
three 90 nm wide grooves with a period of 375 nm.
4.3.1 Sample design and fabrication
The waveguides in this study are of W3 type. The waveguides were patterned onto
SOI wafers with top silicon layer thickness 240 nm using the process described earlier
in this Chapter. The pitch a of the PhC lattice is 450 nm and the hole diameter is
220 nm.
Figure 4.2 shows a SW-PhCW interface in a processed sample. The three waveguide
lengths used were 40a, 60a and 80a, corresponding to physical lengths 18, 27 and
36µm, respectively. The PhCWs have Bragg mirrors at their both ends. Bragg
mirrors are used instead of PhC mirrors to prevent generation of high-order modes
in the multimode W3 waveguides. The mirrors were placed at the ends of the PhCW
to ensure that all the parasitic reflections at SW-PhCW interface arise in the vicinity
of the mirrors. The Bragg mirrors consist of three grooves with a period of 375 nm.
The width of the grooves is 90 nm. The FDTD simulations predict Bragg mirror
reflectivity of at least 97 % in the wavelength range of the measurement.
4.3.2 Transmission spectrum
The transmission spectrum of a sample with a PhC waveguide length of 40a is
shown in Figure 4.3. The transmission spectrum shows oscillations with various
frequencies. The origin of different oscillations can be easily distinguished from
each other because the physical lengths Lin, Lout and LPhC of the input, output
and PhC waveguides were chosen in such a way that Lin >> Lout >> LPhC. The
21
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Figure 4.3. The transmission spectrum of a sample with a PhC waveguide with
a length of 40a.
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Figure 4.4. 2D PWE simulated dispersion diagram of the waveguide under
study. The frequency range of the optical measurement is marked
into the fundamental mode.
transmission dip around 1600 nm is seen in the spectra of all three waveguides.
Figure 4.4 shows the dispersion diagram of the TE modes of the waveguides, simu-
lated with the PWE method in 2D using the effective index of 2.84. This effective
index corresponds to an SOI structure with a 240 nm thick device silicon layer and
30 nm of mask SiO2 on top of that, with the wavelength 1.55 µm. The W3 waveg-
uides are multimode at this wavelength. Several mini-stopbands [59] are seen at
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Figure 4.5. Part of the spectrum of Figure 4.3.
the intersections of counter-propagating modes with the same parity. The ends of
the wavelength range of the measurement are marked into the dispersion curve of
the fundamental mode, which is expected to be best coupled to the input. The dip
in the transmission occurs at the frequency of mini-stopband in the fundamental
mode, which confirms that the fundamental mode is dominant in transmission. At
the wavelength range of the spectrum the mode is index-guided and above the light
line.
4.3.3 Fabry-Pérot analysis
The large-period oscillations between 1525 nm and 1590 nm are attributed to the
short F-P cavity formed into the PhCW between the Bragg mirrors. The period of
these oscillations corresponds to a group index of about 3.8.
The transmission spectrum P (λ) has the shape determined by Eq. 4.2 with the
exception that it has the short-period oscillations, which arise from the F-P cavity
effect in the insertion waveguides. Eq. 4.2 is therefore assumed to be valid when t1,2
and r1,2 are replaced by the wavelength dependent transmissitivities and reflectivities
of the F-P cavities formed into the input and output waveguides, therefore the
output power spectrum has a shape
P (λ) ∝ t
2
int
2
out
1 + A2 + 2A cos(4πLopt/λ)
, (4.7)
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where
A = rinroute
−2αL, (4.8)
and tin(λ), tout(λ), rin(λ) and rout(λ) are the transmissitivity and reflectivity spectra
of the input and output waveguides, respectively. The transmissitivity and reflec-
tivity of the input waveguide, tin(λ) and rin(λ), respectively, have a period which
corresponds to the optical length of the input SW, whereas the periods of tout(λ)
and rout(λ) correspond to the optical length of the output SW.
The most interesting points in the P (λ) are the points marked with arrows in
Fig. 4.5, which is a part of the spectrum of Fig. 4.3. The points are the transmission
minima near the resonance and antiresonance of the PhCW. They correspond to
simultaneous antiresonance of the cavities formed by the input and output waveg-
uides. At these points the reflectivities rin and rout are at their maximum, yielding
the maximal F-P contrast.
The loss in the waveguide can be solved using Eq. 4.5 as in the conventional F-P
method, either with a theoretical value for the reflectivity or by measuring cavities
of different lengths. The latter method is used here, and it yields an optical loss
value of 164 dB/mm. Such high loss is typical for SOI photonic crystal waveguide
modes above the light line (see e.g. [52, 53]). For the modes below light line in
W1 waveguides fabricated on SOI, the loss is typically two orders of magnitude
lower [18, 25].
The advantage of the method presented here is that the parasitic and to some extent
non-preventable reflections in the chip ends are utilized in enhancing the F-P effect:
the 3 dB loss over the PhCW of length 40a resulted in an F-P contrast of 11 dB,
compared to 7 dB with the conventional method which involves cancellation of the
resonances from the insertion waveguides. Another advantage of the method is that
no antireflection coatings are needed at the ends of the chip. No smoothing of the
spectra is needed either.
A waveguide of the same type has been studied by Gersen et al. using time-resolved
near-field scanning optical microscopy (NSOM) [28]. The NSOM measurements
yielded a very similar dispersion diagram to Fig. 4.4 and imaged an extremely slow
higher-order mode near the Brillouin zone edge. However, the spectrum in Fig. 4.3
shows that the fundamental mode is the one that has the main contribution on the
waveguide transmission when coupled to strip waveguides.
5 2D photonic crystals with ring-shaped
holes
Figure 5.1 shows a schematic of a photonic crystal with ring-shaped holes (RPhC).
In paper IV, the properties, patterning and applications of such photonic crystals
are discussed. In paper III, the ring dimensions of the RPhC are optimized so that
W1 waveguides show a wavelength regime with a relatively high and constant group
index. Paper V shows a design of an efficient RPhC waveguide coupler into such
mode and presents discussion on the coupling. Fabrication and characterization of
an SOI based RPhC waveguide (RPhCW) is reported in paper II.
5.1 Properties
5.1.1 Structure
The ring geometry is defined by its inner and outer radii Rin and Rout. The geometry
of the lattice point is defined by two parameters instead of only one, which is the
case with circular holes. The air fill factor fair of the RPhC is
fair =
2π√
3a2
(R2out −R2in). (5.1)
5.1.2 Bandgap width and center frequency
Figures 5.2 and 5.3 show the 2D PWE simulated bandgap width and center fre-
quency, respectively, as a function of Rout for different values of fair. An effective
index neff = 2.84 was used, corresponding to 240 nm of silicon on SiO2. The bandgap
width and center frequency for a conventional PhC with a hole radius Rout are plot-
ted as dots into Figs. 5.2 and 5.3 for reference.
At low air-fill factors (fair < 30%) a larger photonic bandgap can be obtained in a
RPhC compared to a conventional PhC with the same fair. Small air-fill factor is
24
25
R
in
R
out
a
Figure 5.1. Schematic image of an RPhC.
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Figure 5.2. Bandgap width of an RPhC as a function of ring outer radius Rout
at different air fill factors. The scatter plot corresponds to a con-
ventional PhC. The effective index used in the 2D calculation is
2.84.
desired in 2D PhCs, because out-of-plane light scattering decreases with decreasing
fair [60]. In Fig. 5.3 it can be seen that the bandgap center frequency is higher
for the RPhC than for the conventional PhC with the same fair. The increase of
bandgap frequency indicates that a larger part of the mode resides in the air regions.
5.2 Dispersion engineering of waveguides
The reduced group velocity near the Brillouin zone edge enhances light-matter in-
teraction and nonlinearities, which may be utilized in realizing more compact inte-
grated optics devices [25, 28–30, 32]. However, the slow modes usually have a very
high group velocity dispersion (GVD). Therefore it is important to realize slow-light
structures with tailored dispersion properties. A number of approaches has been
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Figure 5.3. Bandgap top and bottom edge frequencies of an RPhC as a function
of ring outer radius Rout at different air fill factors. The scatter plot
corresponds to a conventional PhC. The effective index used in the
2D calculation is 2.84.
used to achieve this, for example using W2 waveguides [40] or modification of the
hole radius [38] or period [39] in the first one or two hole row(s) next to the waveg-
uide channel. This Section presents dispersion tailoring of RPhC waveguides using
the W1 geometry with no such modifications.
5.2.1 Group velocity
As seen in Fig. 5.3, the bandgap bottom edge frequency of the RPhC increases
with increasing Rout. Figure 5.4 shows the dispersion diagrams of the bandgap
bottom edge and the even W1 waveguide mode in RPhCWs with different values
of Rout, when Rout − Rin is kept constant at 0.14a. The effective index used in
the 2D calculations is 2.84. Both frequencies increase with increasing Rout, but the
frequency of the waveguide mode increases at a lesser rate than the bandgap edge
frequency. Therefore, with Rout > 0.37a, the bandgap bottom edge gets close to the
guided mode in the dispersion diagram when 0.35(2pi
a
) < β < 0.4(2pi
a
).
In the vicinity of the bottom band edge, the dispersion curve of the guided mode
tends to increase its frequency. Consequently, the dispersion relation of the RPhCW
with Rout = 0.38a shows a nearly constant slope between β = 0.35(
2pi
a
) and β =
0.45(2pi
a
), i.e. the waveguide has a region of a nearly constant group index (Fig. 5.5).
Slow light in the corrugated waveguides is explained as an interaction between the
forward and backward propagating modes. The interaction is at its strongest at
the edge of the Brillouin zone, where the group velocity vanishes. When moving
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Figure 5.4. Change of bandgap edge and waveguide mode frequencies with the
change of ring radius. The width of the ring Rout − Rin is kept
constant at 0.14a. The effective index used in the 2D calculation is
2.84.
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Figure 5.5. Dispersion relation and group index of a W1 RPhCW with a =
430 nm, Rout = 0.38a, Rin = 0.24a and neff = 2.84. The straight
line in the dispersion relation graph presents the light line of SiO2.
The scatter plot in the group index graph shows the results of the
FDTD simulations.
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Figure 5.6. Electric field energy densities at three different propagation con-
stants β for the guided mode in Fig. 5.5.
away from the Brillouin zone boundary, the interaction gets weaker due to phase
mismatch between the forward and backward propagating modes. However, the
mode penetrates deeper into the surrounding RPhC lattice when it is at its closest
to the bandgap edge near β = 0.35(2pi
a
) (see Fig. 5.6). The effect of the periodicity is
thus increased, which compensates for the phase mismatch, enabling nearly constant
group index over a relatively large wavelength range.
Due to the large mode area, a supercell width of 35a was used in the PWE simula-
tions in order to prevent the effect of the periodic boundary conditions. In order to
verify the results, the group index was also deduced from the Fabry-Pe´rot oscillations
in the FDTD simulated transmission spectrum. Figure 5.5 shows the dispersion re-
lation and the group index of a W1 RPhCW with Rout=0.38a and Rin=0.24a. The
group index has a quasi constant value of 25 over a wavelength range of 8 nm.
To extend the part of the slow mode that is below the light line, a waveguide with
a decreased frequency was designed. The decrease in frequency was realized by
increasing the effective index of the silicon slab, i.e., by increasing the silicon layer
thickness h. With neff=3.18, corresponding to h = 400 nm, the slow light region
is almost entirely below the light line. Figure 5.7 shows the band diagram and
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Figure 5.7. Dispersion relation and group index of a W1 RPhCW with a =
392 nm, Rout = 0.385a, Rin = 0.235a and neff = 3.18 (correspond-
ing to a 400 nm thick silicon layer on silica). The straight line
presents the light line of SiO2.
group index of a RPhCW with Rout = 0.385a, Rin=0.235a and neff=3.18. Both the
bandgap and the mode frequency have dropped compared to Fig. 5.5. The group
index is 37± 3 over a wavelength range of 8 nm.
5.2.2 Dispersion
As can be seen from the definition of the group velocity dispersion parameter D
(Eq. 3.2), nearly constant group index regions exhibit small dispersion. Figure 5.8
shows the GVD calculated from the group index for the RPhCW’s in Figs. 5.5 and
5.7. Group velocity dispersion minima can be seen in the nearly constant group
index region with D < 1 ps/(mm · nm) over 8 nm for the RPhCW of Fig. 5.5 and
D < 1 ps/(mm · nm) over 3 nm for the RPhCW of Fig. 5.7. In a conventional
PhCW, D increases monotonically when coming closer to cut-off wavelength.
The RPhCW with Rout = 0.344a, Rin = 0.203a and neff=2.84, studied in Paper II,
shows a dispersion flattened slow-light regime where the GVD parameter is nearly
constant at about 4.2 ps/(nm ·mm) and ng increases from 20 to 30 over the wave-
length range of 5 nm. The dispersion flattened mode exhibits vanishing third order
dispersion, which may be important in order to avoid pulse distortion in data pro-
cessing applications [61].
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Figure 5.8. Group velocity dispersion calculated from the group index spectra
of three waveguides. RPhCW A: Rout = 0.38a, Rin = 0.24a, a =
430 nm and neff=2.84, RPhCW B: Rout = 0.385a, Rin = 0.235a,
a = 392 nm and neff=3.18. The curve with closed dots corre-
sponds to a conventional PhCW with R = 0.278a, a = 400 nm and
neff=2.84. Lattice constants are chosen so that the cut-off wave-
length is 1575 nm for all three waveguides.
5.2.3 3D simulation
Fig. 5.9 shows the 3D PWE simulated band diagram and group index corresponding
to the 2D simulated graphs of Fig. 5.7. The silicon slab thickness h used in the
calculations is 1.02a and the lattice constant used to determine the wavelengths is
a = 400 nm. The dispersion curve has a very similar shape to the 2D simulated
curve. However, the quasi constant group index is about 55 and its wavelength
range is 5 nanometers. The group index values calculated with 3D simulations
are thus higher than those calculated in 2D. The difference arises from the high
waveguide dispersion of the SOI substrate. The effective index is defined for a
definite frequency. At lower frequencies, the value for neff is higher than the actual
effective index, therefore the mode is at lower frequency than the real 3D mode,
and vice versa, the high-frequency modes are higher in the calculations made with
the effective index approximation. Therefore, the slope of ω(k) in the real 3D case
decreases, i.e. ng is slightly higher than the 2D simulations suggest. Otherwise the
differences between the 2D and 3D simulated dispersion relations are small. The
effective index approximation thus gives a good picture on the dispersion relation of
the real 3D device on SOI, as long as the waveguide dispersion of the slab is taken
into account.
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Figure 5.9. 3D simulated dispersion relation and group index in a W1 RPhCW
with a = 400 nm, Rout = 0.385a and Rin = 0.235a. Group index
in a W1 PhCW with a = 375 nm and R = 0.305a is plotted for
reference. For both waveguides, fair ≈ 34%, nSi = 3.45 and the slab
thickness h = 1.02a.
5.3 Coupling into the slow mode
Efficient coupling between waveguides with different group velocities is not triv-
ial [34, 42, 43, 62]. Transmission from strip waveguides (SWs) to slow modes in
PhCWs has been improved by optimizing the termination of the PhCW [62], taper-
ing the PhCW [43] and by using high group velocity PhCWs at both ends of the slow
light PhCW [41, 42, 63]. These studies demonstrate highly efficient couplers where
light is slowed down inside the PhCW in an extremely small length compared to
what is required for adiabatic mode conversion. The efficient coupling was explained
by F-P resonances in [63]. In [41] it was shown that a transient zone with a length
of a few lattice periods appears at the interface between PhCW sections of differ-
ent group velocities. In this region, light is smoothly slowed down as it penetrates
the slow-light waveguide. Using the RPhCW, such a coupler can be conveniently
combined with a dispersion tailored slow-light waveguide.
5.3.1 Coupler design
Figure 5.10 shows the dispersion relation of the dispersion tailored slow mode of
Fig. 5.7 as a thick line and dispersion relations of RPhCWs with slightly different
values of Rout as thin lines. The ring width is kept constant at Rout − Rin =
0.15a. The frequency range corresponding to the nearly constant vg is highlighted
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Figure 5.10. Dispersion relation of the even mode in RPhCWs with neff=3.18,
Rout − Rin = 0.15a and with different outer ring radius Rout.
In the normalized frequency range within the frame, the average
group velocity decreases from vg = c/3.8 when Rout = 0.315a to
vg = c/37 when Rout = 0.385a.
in Fig. 5.10.
For all waveguides in Fig. 5.10, the even mode is in the index-guided regime with
vg ≈ c/3.8 when β < 0.32(2pia ). When approaching the Brillouin zone edge at β =
0.5(2pi
a
), the mode becomes bandgap guided: vg decreases and eventually vanishes
when β = 0.5(2pi
a
). If Rout is decreased, the air-fill factor of the RPhCW decreases,
therefore the dispersion curve of the guided mode is shifted to smaller frequencies.
Consequently, the average group velocity within the frequency range of interest can
be changed from vg = c/3.8 with Rout = 0.315a to vg = c/37 with Rout = 0.385a.
Figure 5.11 shows the coupler design. The slow-light waveguide is sandwiched be-
tween two couplers, which are RPhCWs with Rout < 0.36a and are coupled with
strip waveguides. The transmission T of the device is simulated using FDTD simu-
lations using a device and source-detector configuration sketched into Fig. 5.11. As
the first step in the coupler design, transmission from SWs to the couplers is opti-
mized. The SW width and termination point of the RPhCW (denoted as parameters
w and d in the inset in Fig. 5.11) are important in the SW-PhCW coupling and they
are optimized first. Optimal coupling is obtained with parameters w = 1.6a and
d = 0.625a.
In Figure 5.12, group velocity at u = 0.250 is plotted as a function of Rout, together
with the transmission through a 10a long RPhCW sandwiched between two SWs.
For the RPhCW with Rout = 0.385a, transmission is only 52% at u = 0.250. T
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Figure 5.11. Schematic image of the coupler design. A slow-light RPhCW is
coupled to SWs through RPhCWs with smaller Rout, i.e. with
higher vg. The insets show the beginning of the RPhCW. The
source and detector configuration used in the FDTD simulations
is also shown in the schematic.
increases with increasing group velocity, being more than 98% when Rout ≤ 0.315a
and vg > c/4. Therefore, Rout = 0.315a is chosen for the coupler.
With ng < 40 in the RPhCW, efficient coupling is expected with an abrupt transition
between the RPhCW sections [41]. A simple coupler with an abrupt change of Rout
is therefore chosen. In the initial structure, coupler length of 5a is used. The effect
of the length of the couplers will be discussed later in this thesis.
Figure 5.13 shows the magnetic field in the input end of the waveguide when it
is excited with a continuous wave with a normalized frequency u = 0.2506. The
conversion from the coupler mode into the wider slow mode takes place within a
few lattice periods of the coupler-RPhCW interface, which confirms the existence
of a transient zone at the interface. The magnetic field in the slow-light RPhCW is
enhanced fy a factor of 3.5 compared to the strip waveguide, i.e. the slow-light device
provides a 12.25x increase in intensity. In the next part, the spectral properties of
the coupler will be studied.
5.3.2 Transmission properties
Figure 5.14 shows the transmission spectra of a 50a long slow-light RPhCW with and
without couplers (Topt and Tref , respectively). Transmission through the RPhCW
with Rout = 0.315a sandwiched between SWs (Tcpl) is also plotted in Fig. 5.14
in order to show the transmission between the SWs and the couplers. The PWE
calculated group index ng = c/vg in the RPhCW with Rout = 0.385a from Fig. 5.7
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Figure 5.12. Group velocity in the RPhCW (solid line) and the transmission
of a 10a long RPhCW sandwiched between two strip waveguides
(dashed line) as a function of Rout at the normalized frequency
u = 0.250.
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Figure 5.13. The Hy field in the input coupler with a continuous wave source
operating at frequency u = 0.2506. The zero point and maxima of
Hy in the SW (S), coupler (C) and RPhCW (R) are marked onto
the colorbar.
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Figure 5.14. FDTD simulated transmission spectra through a 50a long RPhC
waveguide with Rout = 0.385a and a = 392 nm, with and with-
out couplers at both ends (Topt and Tref , respectively). Tcpl is the
transmission spectrum of a 10a long RPhCW with Rout = 0.315a
(i.e., a waveguide similar to the couplers) sandwiched between
SWs. Group index ng = c/vg is deduced from the PWE simula-
tions of Fig. 5.7.
is plotted in the same graph. All the curves are plotted as a function of wavelength
λ with a lattice constant a = 392 nm, which yields a cut-off wavelength of 1575 nm.
Topt is higher than 95% over the wavelength range of nearly constant vg between
1560 nm and 1568 nm. Up to the wavelength 1567 nm, Topt is very close to Tcpl.
Only small oscillations are seen in the spectrum, with their period varying as a
function of the group index of the RPhCW. These oscillations are F-P resonances
due to reflections between the two coupler-RPhCW interfaces. These small F-P
oscillations are a sensitive indicator of mode conversion efficiency and reflections in
the coupler and therefore constitute an efficient way of studying the various coupling
mechanisms in such structures.
5.3.3 Mode conversion
PhCWmodes within the photonic bandgap are necessarily lossless in 2D simulations,
as out-of-plane losses do not exist and in-plane losses are prohibited by the PhC.
Therefore, non-ideal transmission in our simulation is induced by in-plane scattering
and/or by parasitic back reflection at each waveguide interface.
The transmission of a lossless F-P cavity is equal to unity at resonance [58]. Topt
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Figure 5.15. A measure for mode conversion efficiency, TR/Tcpl, with differ-
ent coupler lengths. TR is the linear interpolation between the
points corresponding to F-P resonances in the transmission spec-
tra with a coupler with a length of m lattice periods, and Tcpl is
the transmission spectra of the coupler sandwiched between strip
waveguides.
should therefore be equal to Tcpl at each resonance, provided that the coupler con-
verts the slow mode properly into the coupler mode; this is the case in the transmis-
sion spectrum shown in Fig. 5.14 for wavelengths up to 1572 nm. For resonances at
longer wavelengths, Topt < Tcpl, suggesting that mode conversion is not perfect.
To get more insight on the mode conversion along the coupler, the FDTD simulation
of Topt is repeated with different coupler lengths m, where m is the coupler length
in lattice periods. The results are shown in Figure 5.15 where TR/Tcpl is plotted for
different coupler lengths m; the TR spectra is obtained with the linear interpolation
between the points corresponding to F-P resonances in Topt. Perfect mode conversion
should yield TR/Tcpl = 1.
The coupler with a length of just 2a is enough to improve transmission compared to
the waveguide with no couplers (compare to Tref in Fig. 5.14). A coupler withm = 3
provides nearly perfect coupling in the quasi constant group index range. With
m = 5, transmission is enhanced between λ = 1566 nm and λ = 1574 nm. Further
increase in the coupler length maintains the excellent transmission, which shows
that efficient coupling occurs when the evanescent modes excited at the two coupler
interfaces do not overlap and interfere destructively [41]. The weak transmission
variations that are observed for longer couplers correspond to F-P oscillations in
the coupler [63]. The major difference to the coupler reported [63] is that the F-P
oscillations are not the main contributor to the coupling in this case. For a coupler
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Figure 5.16. Parasitic back-reflectance R as a function of propagation constant
mismatch ∆β with a 5a long coupler. The wavelength range of
the figure is from about 1555 nm to about 1570 nm, the quasi
constant ng region is drawn between 1560 nm and 1568 nm and
the scatter symbols have an interval of 1 nm.
length of 5a, the mode conversion losses are lower than 0.3% in the wavelength range
of quasi constant ng. TR drops near cut-off for all coupler lengths, indicating that a
more complicated coupler might be needed for higher ng [41, 43].
5.3.4 Back-reflectance
The signature of the back reflections are the F-P oscillations in the transmission
spectrum, which can be seen in Topt. In this case, the RPhCW can be regarded as
a symmetric, lossless F-P cavity, therefore Eq. 4.5 gets a form
R =
√
TR/TA − 1√
TR/TA + 1
, (5.2)
where R is the intensity reflectance at the ends of the cavity.
The amplitude of the F-P oscillations in Fig. 5.14 increases at higher wavelengths
already within the nearly constant ng regime. The oscillation amplitude is indeed
a function of the propagation constant mismatch between the slow mode and the
coupler mode, ∆β. Figure 5.16 shows the back-reflectance as a function of ∆β. In
the wavelength range with constant ng, R is lower than 0.6%. Although the back-
38
reflectance is very low, phase match at the interface between the coupler and the
slow-light waveguide was found crucial.
5.4 Applications
The waveguides having a several nm bandwidth with low or constant GVD and
with efficient coupling to photonic integrated circuits are particularly attractive in
telecommunications and signal processing applications. Such devices are a step to-
ward hybrid photonic circuits, where slow-light waveguides are parts of a photonic
chip that may elsewhere be based on strip waveguides. The RPhC exhibits prop-
erties that are favorable in other applications as well. In an earlier study it was
shown that the RPhC allows some freedom of engineering polarization independent
bandgaps [64]. This might enable PhC devices with reduced polarization depen-
dence.
In the next part it will be shown that the RPhC waveguide can be designed to be
sensitive to small refractive index variations in the air holes. In that example, the
effect is utilized to enhance the sensitivity of an earlier proposed biosensor, which is
based on the sensitivity of the cut-off frequency of the PhCW mode on the ambient
refractive index [65]. Such effect can be utilized in many other applications by
infiltrating the holes with functional materials, e.g. with liquid crystals to make a
switch, or with magnetic polymers to realize a polarization converter.
5.4.1 Biosensing
A comparison will be made between cut-off frequencies of an RPhCW and a PhCW,
both fabricated into the SOI substrate with fair ≈ 34% and λco ≈ 1570 nm. Consider
that the volume above the waveguide and inside the holes is filled with a gas or a
liquid with refractive index na. Figure 5.17 shows the 3D PWE simulated cut-off
wavelength λco in two waveguides as a function of na. The change in λco as a function
of na is nearly linear between na = 1.00 and na = 1.10. The sensitivity, defined here
as the relative cut-off shift ∆λco/λco in % induced by an ambient refractive index
change ∆na = 0.01, is 0.073% for the RPhCW and 0.042% for the PhCW. Thus,
the RPhCW is nearly twice as sensitive as the conventional PhCW with the same
fair.
Figure 5.18 shows the sensitivity of an RPhCW as a function of Rout for different
air-fill factors. The sensitivity of a conventional PhCW as a function of the hole
radius is plotted in comparison. The 2D PWE simulations were carried out with an
effective index neff = 3.18.
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Figure 5.19. Ring width Rout −Rin as a function of the electron dose.
The sensitivity of the conventional PhCW is nearly constant for a hole radius smaller
than 0.4a. For a hole radius larger than 0.4a, the sensitivity eventually increases.
However, PhCs with such large circular holes are difficult to manufacture due to
the very thin walls between neighboring holes. In the case of RPhCWs, sensitivity
increases with decreasing fair and with increasing Rout. In other words the rings
should be as narrow as possible for optimal sensitivity. The example of Fig. 5.17
has a ring width Rout −Rin of 60 nm. Such narrow rings can be patterned into the
SOI structure with electron beam lithography and reactive ion etching, as will be
demonstrated next.
5.5 Experimental
5.5.1 Patterning of ring-shaped holes
Lattices of ring-shaped holes were patterned into an SOI wafer with a process
described in Chapter 4. The rings are written as circular lines with the radius
(Rout + Rin)/2. The final Rout and Rin are determined by the width of the line,
which depends on the beam current and the scanning speed of the beam (Fig. 5.19).
This method intrinsically minimizes the time of the electron beam lithography. Writ-
ing of a field of ring holes takes up to four times less time than writing of a field of
circular holes with the same air-fill factor.
An RPhCW with length L = 40a was manufactured using this process. Figure 5.20
shows scanning electron micrograph of the end of a fabricated RPhCW. Silicon is
41
Figure 5.20. Scanning electron micrograph of an RPhCW.
slightly transparent to the electron beam, therefore it is possible to see through the
end of the RPhC and notice that the etch profile is nearly perfectly vertical. The
lattice parameter of the RPhC is 475 nm and the ring width Rout − Rin is about
65 nm.
5.5.2 Waveguide transmission
The transmission spectrum of the waveguide, recorded with a 5 nm averaging win-
dow, is shown on Fig. 5.21. The purpose of the averaging is the removal of the
high-frequency oscillations coming from the access strip waveguides. The decrease
in transmission observed at around 1570 nm is attributed to the increase of the over-
all loss in the waveguide as group velocity of the even TE-like mode decreases [66].
Transmission increases again for wavelength above 1630 nm probably due to trans-
mission of TM-polarized light. The F-P oscillations visible in the smoothed spectrum
are attributed to the RPhCW. The group index in the RPhCW can be deduced from
the F-P oscillation periods using Eq. 4.6.
The measured group index dependence on wavelength is consistent with the PWE
simulation (Fig. 5.22). A maximal group index value of 22 is measured. For larger
group index, the optical length of the RPhCW is of the same order as the length of
the access waveguides, therefore F-P oscillations from the RPhCW are difficult to
distinguish from parasitic oscillations.
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Figure 5.21. Measured transmission spectrum of a 40a long RPhCW. Group
index values calculated from the Fabry-Pe´rot oscillation period
are indicated.
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Figure 5.22. Comparison between the measured and simulated group index
as a function of wavelength. The wavelength scale of the simu-
lation has been tuned by less than 2% for the best match to the
measurement.
6 Summary and outlook
The aim of this study was to design and characterize photonic crystal waveguides
for e.g. telecommunication applications. The focus of the work was the loss mea-
surement, coupling to strip waveguides and the dispersion properties of the photonic
crystal waveguides. Silicon-on-insulator substrate was chosen as a material platform
since it is suitable for applications at wavelengths above 1200 nm.
A novel method of characterization of short photonic crystal waveguides was de-
veloped in paper I. The method comprises patterning of Bragg mirrors patterned
into the ends of the waveguide and analysing the Fabry-Pe´rot oscillations in the
transmission spectra.
A new type of a photonic crystal, based on ring-shaped holes (RPhC), was intro-
duced. The RPhC was used in the design of a dispersion tailored slow-light waveg-
uide in paper III. An RPhCW coupler to efficiently inject light from a conventional
strip waveguide into the slow mode was introduced in paper V. Fabrication and
characterization of the RPhC waveguide in paper II is the first demonstration of the
feasibility of the RPhC waveguide.
Slow modes exist in periodic waveguides because the forward and backward prop-
agating modes are coupled due to periodicity. The group velocity depends on the
phase match between these contradirectional modes, therefore the group velocity
is usually highly wavelength dependent. The PhC waveguides can be designed in
such a way that the interaction between the contradirectional modes depends on
the frequency. Paper III showed that it is possible to tune the ring geometry of the
RPhCW to compensate for the phase mismatch and thereby tailor the dispersion
properties of the slow mode. The dispersion engineered slow-light RPhC waveguide
has a group index of 55 ± 3 over a bandwidth of 5 nm at the wavelength 1.55 µm
(loss minimum of the optical fiber).
Paper V and other recent studies show that slow modes in PhCWs can be efficiently
coupled with strip waveguides with couplers having a length of just a few microm-
eters. The efficient coupling relies on evanescent Bloch modes that arise at the
interface between two periodic waveguides. The analysis of the transmission spectra
of the coupler with a dispersion tailored waveguide revealed that the coupling is not
only a function of the group velocity difference, but it also depends on the phase
43
44
match between the modes in the two waveguides.
The slow-light PhC waveguides have favorable properties for implementation into
photonic integrated circuits. They exhibit dispersion tailored slow modes, which are
particularly interesting in telecommunications and signal processing applications.
The compact and efficient couplers to the conventional strip waveguides are essential
in the miniaturization task. Therefore PhC waveguides may enable realization of
a hybrid photonic integrated circuit, where compact nonlinear slow-light devices
are embedded into a photonic integrated circuit which can be based on e.g. strip
waveguides for its main part. The slow-light device presented in Paper V exhibits an
optical intensity enhancement by a factor of more than 10. This is a very promising
result regarding the reduction of the footprint of photonic devices, in particular if
nonlinear effects are involved.
It was shown in paper IV that the RPhC can be designed to enhance the interaction
of the waveguide mode with the region outside the dielectric, which is favorable in
e.g. biosensing. The same property may be interesting if the RPhC is covered with
a material that has other peculiar optical properties. For example, an RPhC waveg-
uide covered with a magnetic polymer could operate as a polarization converter.
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